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Abstract
There are several ways to test automotive timing chains for wear in a laboratory
environment. One novel method proposed by Borg-Warner Morse TEC uses fluid jets
striking an impeller blade. The momentum of the oil striking and deflected by the
impeller blade is used to produce a torque. This torque is transmitted to the system
through the timing chain. A previous theoretical design study (conducted elsewhere)
evaluated some of the design factors as they related to machine performance and
ultimately to the torque loads applied to the chain. From this theoretical study came the
design for two novel bucket and bathtub impeller blades that were predicted to enhance
the performance of the machine.
This thesis entails the design, manufacturing, and testing of these two new
impeller blade designs for comparison with the existing trough shaped blade. In order to
test the impeller blades, a data acquisition system was designed utilizing strain gages and
slip rings to obtain torque from the spinning system. The tests were run using the existing
machine configuration with a crank sprocket shaft speed of4000 rpm. The jet
impingement angles were also modified and the resulting torque generated recorded.
The final aspect of the study consisted of installing a variable speed motor onto
the machine. Each blade was then run at crank sprocket shaft speeds of2000, 4000, 6000,
and 8000 rpm. This was done to determine the effects on the maximum and minimum
torques and to study jet reformation and system dynamic effects.
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Aj = area ofjet impinged on a single blade m3
a = length ofblade ridgeline m
b = impeller radius m
c = distance from nozzle to horizontal axis m
d = distance from nozzle to vertical axis m
1// = length from the impingement point to the end of the trough ridgeline m
lx = arc length of the circumference of the trough m
Lj = length ofnozzle m
px = x axis position ofnozzle origin m
py = y axis position ofnozzle origin m
Qin = incoming volume flow rate m3/s
Qout = outgoing volume flow rate m3/s
Re = radius of impingement point along shaft center m
Rj = radius ofoil jet m
Rs = radius ofbucket or trough shaped channel m
T = torque generated on a single impeller blade N-m
t// = time for jet stream to flow axially s
U = time for jet stream to flow transversely s
U = absolute velocity of the oil jet m/s
Vc = absolute velocity of impingement point on the blade m/s
Vcx
= x component ofVc m/s
XII
Vcy = y component ofVc m/s
Vrei = relative velocity of the jet with respect to the blade m/s
V// = component ofVrei along the ridgeline m/s
Vi = component ofVrei perpendicular to the ridgeline m/s
Xc = x-coordinate of impingement point on the blade m
xc'
=
x'
coordinate of the impingement point m
yc = y coordinate of impingement point on the blade m
a = angle between x axis and Re rad
(3 = angle between Vrei and the horizontal axis rad
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0 = impeller rotation angle rad
6in = angle ofblade entering the jet rad
0out = angle ofblade leaving the jet rad
p = density of load oil kg/m
<j) = nozzle tilting angle with respect to horizontal axis rad
= angular velocity of the shaft rad/sco
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Chapter 1 : Introduction
1 . 1 Machine Purpose
Reliable, realistic, and repeatable wear testing ofautomotive timing drive systems is
ofparamount importance to the industry. A timing drive connects the crankshaft with one
ormore sets of camshafts and controls the opening and closing of intake and exhaust
valves. Most timing drives today are of the chain type as they are less prone to sudden
failure than drive belts. However, chain wear results in chain elongation, which leads to a
deterioration in automotive performance due to changes in intake and exhaust valve
control.
One common durability testing method currently used for chain drive systems
induces a periodic variation in chain center distance to induce dynamic strand loading.
Another common method induces strand load variation using a 4-square machine
arrangement. In either case, the chain test loads do not reflect those induced by crankshaft
and camshaft torsionals in an actual engine.
As a means to develop a more realistic testing method, an impulse wear testing
machine proposed by Borg-Warner is shown in Figure 1.1. The drive sprocket of the
timing chain is attached to an AC motor that drives the system at a constant angular
velocity. The drive sprocket is attached to the driven sprocket by the timing chain test
specimen. Load oil under pressure is accelerated through two nozzles. The load oil
impinges on the impeller blade attached to the driven sprocket. The load oil jet stream is
redirected by both blades, producing a torque on the driven sprocket shaft. The torque on
the driven sprocket induces a periodic chain strain load on the test specimen chain, which
most closely represents a four-cylinder internal combustion engine. For every 360
degrees of rotation of the cam sprocket shaft there will be four torque impulses to the
chain by the crank sprocket shaft. These four torque impulses mimic the power strokes of
a four-cylinder engine.
DRIVE SPROCKET
(DRIVEN BY MDT0R>
IMPELLER
DRIVEN SPROCKET
n IMPELLER CROSS SECTION
Rs
Figure 1.1: Impulse Chain System
1 .2 Machine Geometry
Figure 1 .2 shows a side view of the impulse chain testing machine. The power
source is an AC motor (not shown). The motor original to the machine was rated at 10
horsepower (hp) with a speed of 1750 revolutions/minute (rpm) which is coupled to the
cam sprocket shaft through a timing belt and timing belt sprockets. The timing belt
sprocket on the motor has 32 teeth while the sprocket on the cam sprocket shaft has 28
teeth. This produces a speed ratio such that the steady state speed of the cam sprockets is
2000 rpm. To the immediate left of the timing belt sprocket on the cam sprocket shaft is
the flywheel, weighing 70 pounds. This flywheel has a large rotational inertia ofwhich
smoothes out but does not completely eliminate the torque spikes placed on the system.
To the left of the flywheel is a hole where the leads for the strain gages emerge. The
gages were placed here so that the torque between the chain and motor/flywheel could be
measured.
CAM SPROCKET SHAFT
CAM SPROCKET
CM TEETH)^
TIMING CHAIN
(TEST SPECIMAN)
CRANK SPROCKET^
C20 TEETH) y>i//MM#///^
TIMING BELT
'(CONNECTED TD AC MOTOR/DRIVE)
-SPEED SENSOR
-SPEED SENSOR TARGET
*-SLIP RING ASSEMBLY
^SLIP RING AMPLIFIER
^SLIP RING ADAPTER
MIKING BELT SPROCKET
CRANK SPROCKET SHAFV MMPELLER BLADE
Figure 1.2: Schematic ofModified Chain Testing Machine
The cam and crank sprockets have 40 and 20 teeth, respectively. A test timing
chain connects the cam and crank sprockets and the resulting speed ratio drives the crank
sprocket at twice the speed of the cam sprocket. The machine was originally designed to
run at a cam speed of 2000 rpm and a crank speed of4000 rpm. The sprocket ratio also
doubles the torque applied to the crank sprocket shaft onto the cam sprocket shaft. The
final component of the system shown is the impeller blade. Not shown are the jet nozzles,
which are pointed at the impeller blades. When oil flows from the nozzles, they create a
torque on the crank sprocket shaft which mimics that produced by a real automotive
engine.
To the right of the timing belt sprocket on the cam sprocket shaft is where the data
acquisition system is installed. Located on the end of the shaft is the slip ring and
amplifier assembly that were used to power the strain gage bridge and send the signal
from the rotating strain gages to the stationary data acquisition boards and power supply.
Directly above these components is the magnetic pickup speed sensor for the cam
sprocket shaft. The speed sensor target was made into an integral part of the adapter used
to mount the slip ring/amplifier to the shaft.
1.3 Thesis Goals
The original theory for this machine was based on impulse momentum theory
(Kimball, 1952). A second theoretical study conducted by Zhang (1999) looked more
closely as to how different design parameters affected the torque curves generated by the
trough impeller blades. Zhang's work proposed a theory regarding two new impeller
blade designs. The two new blade designs, denoted as the bucket blade and the bathtub
blade, are shown along with the original trough blade in Figure 1 .3. The two new blades
were designed and manufactured so that they could be tested alongside the trough
impeller blade. The dynamic part of the study was then completed with the motor rotating
the crank sprocket shaft at 4000 rpm. Once this part of the study was completed, different
angles ofjet impingement were explored for their effect on the torque produced by each
blade. Data was taken for impingement angles of3 degrees as well as for 0 degrees.
Figure 1.3: Impeller Blades: Bathtub, Trough and Bucket
The final aspect of the study consisted of installing a variable speed motor and
running the three blade designs at speeds greater than 4000 rpm. The purpose of this was
to verify that an increase in shaft rotational speed would cause an increase in the torque
generated. At a critical speed, an increase in shaft rotation will not increase the torque
generated because the oil jet cannot completely reform to contact the following blade.
1 .4 Theory Modification
One of the differences between the actual machine and the theory developed by
Zhang is how the geometry of the system was addressed. A schematic of the machine is
shown below in Figure 1.4. In the actual machine, as shown in Figure 1.4.B, the fluid jet
nozzles are on the same horizontal centerline as the impeller blade shaft. In the theory,
the nozzle centerlines reside above and below the centerline of the impeller blade as
shown in Figure 1.4.A. In order to convert the actual machine dimensions to the values
defined in the theory, the actual machine rotated 12.3 degrees. This rotation is the only
difference between Figure 1.4.A and I.4.B. This difference must be taken into account
when the two systems are being compared.
rriE.3*
A (THEDRY)
' i B (ACTUAL)
Figure 1 .4: Jet Impingement Angle Geometry
Chapter 2: Theoretical Framework
2 . 1 Trough Impeller Blade Torque Equations
2.1.1 Geometry of Impingement
Much ofwhat follows is taken from the work done by Zhang (1999). Figure 2.1
shows the geometry of the machine as shown under Zhang's work. A blade with trough
shaped geometry rotates about the origin of a fixed x-y coordinates system. A fluid jet
emanates from the nozzle and impinges on the blades. The jet is split and is directed into
each trough.
i <px,py)
Figure 2.1: Trough Blade Coordinate System
Figure 2.1 is an adoption of the impingement geometry as defined by Zhang. This
geometry takes into account the fact that the nozzle pivots about the point (px,py), not at
the exit of the nozzle. Therefore the distance horizontally and vertically from the shaft
axis can be found using the equations given by
where
sin =
c-P, (2.1)
a
py~d
cos? = (2.2)
so that
c = Px + Lj sin <f>
d = Py -Lj cosA
(2.3)
(2.4)
The blade rotation angles 0jn and 0out are given by
6L = cos "'
&ou, = cos
BC -\-Jb2c2- + B2\c2-
'A2)\
-BC
A l + B2 J
/
-(A2, -A')
A2+B2
(2.5)
(2.6)
A = a + b tan <)>
B = a tan <(> - b
C = d tan <|) + c
(2.7)
(2.8)
(2.9)
The point of impingement (xc, yc) of the fluid jet onto the blade is given by
x =
, tan ^b - c - a tan q>
sin 6
tan (j) - tan 6
-tan<9 (2.10)
yc =
b x.
sin G tan 6 (2.11)
(px.pyi
Figure 2.2: Trough Blade Impingement Geometry
2.1.2 Incoming Velocity and Flow Rate
The absolute velocity magnitude of the impeller at the jet impact point (xc, yc) is
given by
Vc=Rcco (2.12)
with components
Vcx
=Vcsina (2.13)
Vy
=Fcosa
c c (2.14)
where
a = sin_1(-^-) (2.15)
K=4xl+yl (2.16)
The control volume shown in Figure 2.3 represents one trough of the blade.
Assuming incompressible flow and the principle of continuity, the volume flow into the
control volume (Qin), must be equal to the volume flow out (Q0ut):
Figure 2.3: Geometry ofTrough Control Volume
where
Qin-Qoul=[U +Vccos(a + </>)]AJ
nR
A, =
(2.17)
(2.18)
(Note that Aj represents only one halfof the jet area since the control volume is comprised ofonly one
trough.)
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Figure 2.3 shows the velocity of the jet relative to the blade, Vrei,which makes an
effective angle (3 with the horizontal axis. The relative velocity can be broken down into
two components, V// and Vx. V// represents the component ofVrei along the trough axis
and is given by
I re,\ rj (2 ]9)
where \Vrel | = ^j(u sin <f> - Vx )+ (-U cos <p - V/ )
(2.20)
'Usin0-Vcx^
/? =
tan"
(2.21)Ucos<f> + Vc} j
Vx represents the component ofVre| perpendicular to the trough axis and is given by
F1=|igsin(c9-/?) (2.22)
2. 1 .3 Outgoing Velocity, Volume Flow Rate, and Exit Direction
In order to determine the location and time when the stream leaves the trough the
time that the jet stream takes to flow axially along the trough or transversely along the
half circular arc must be determined. The path of the flow along the blade is dictated by
the sign ofV//. IfV// is greater than zero, the jet will traverse a path from (xc, yc), to the
end of the blade. IfV// is less than zero, the path will be towards the blades inner
diameter. The path lengths along and transverse to the blade are given by
11
hi=a + - -P- ifV > 0 (2.23)
tan# sin69
_
*, b
hi"
sin0 tan0 ifv"<0 (2-24)
l=nR- (2.25)
Once these lengths are calculated the time it takes for the jet stream to travel each
can be calculated. The time it takes for the jet stream to flow axially, along the trough, is
given by
(= (2.26)
while the time tx to flow transversely along the blade is given by
t =1- (2-27)1
vL
At this point there are two situations that can occur. The first case is that the jet
flow will exit at the upper or lower edge of the trough. This will be assumed to happen if
the time it takes to flow axially is less than the time it takes to flow transversely. For this
case the exit point of the jet stream will make an angle ofy with the middle of the trough
given by
r = -^-~ (2.28)
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2. 1 .4 Trough Torque Generated by Single Trough / Blade
There are two cases by which the trough blade will generate torque. The first case
is when the jet flow exits by either the upper or lower end of the trough. The second case
is when the jet flow exits the side edge of the trough.
Case 1 : The jet exits the end of the trough when t// < tx. The resulting torque
generated by the fluid is given by
T = -pQin[-V^-hi)-Vllb\+ pQom[{VLsmY)a\-Vll{b-Rscosr) (2.29)
when V// > 0
T = -pQl(-VJ// -Vb)-pQMVll{b-RgCQsr) (23)
when V// < 0
Case 2: The jet exits the side of the trough when t//> tj.. The resulting torque
generated by the fluid is given by
T = -pQ*[-v{a-i)-vM+pQm[vAa-i+W-rM (231)
when V// > 0;
T = -pQin[-vJn -vM+pQclridu+W-rM (2.32)
when V// < 0
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2. 1 .5 Total Torque Generated by Trough Blade
There are two blades for each impeller, with two troughs per blade. Since these
torque calculations are only for one blade on one trough, the results for the impeller
calculations in equations (2.29) - (2.32) must be multiplied by a factor of 4.
2.2 Bucket and Bathtub Blade Geometry
A theoretical treatment for bucket and bathtub designs was also proposed by
Zhang (1999), with blade geometry shown in Figure 2.3 and Figure 2.4, respectively. The
predicted torque equations are quite complicated, yet, require several simplifying
assumptions beyond that presented in the trough theory. Subsequent test results in
Chapter 4 showed very poor correlation with the theory. The bucket and bathtub theory is
thus considered premature at this time and will not be discussed in this thesis.
--. (px,py)
Figure 2.4: Bucket Blade Impingement Geometry
14
~~
~~
- (px,py)
Figure 2.5: Bathtub Blade Impingement Geometry
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Chapter 3: Experimental Setup
3 . 1 System Components
3.1.1 Cam Sprocket Shaft Redesign
The first step in the instrumentation of the machine was to design and
manufacture a new cam sprocket shaft. In order for the lead wires from the strain gauges
to exit the shaft, a hole had to be included in the new shaft design. Due to many stress
concentrations in the shaft, the smallest diameter hole that would allow the lead wires to
physically fit was chosen. According to the lead wire manufacturer, a hole of 0.125 inch
diameter was sufficient. However a hole of0.1875 inch diameter was chosen to ease the
assembly. The new shaft design was analyzed with the assumption of a steady torque of
twice what the machine's motor was capable of producing. The bending moments from
the bearings, overhung pulleys, and chain were also included in the analysis. For this
loading a factor of safety of 1.8 was found. Other additions to the shaft included end
features for positioning of the speed sensor and strain gage hardware. A special adapter
was pressed into the bore in the end of the shaft, to which the slip ring amplifier is bolted.
Special care was taken here to ensure that the runout of the entire slip ring assembly was
less than 0.003 inch as specified by the manufacturer. The runout was checked using a
dial indicator placed at the end of the slip ring assembly. Although the adapter was a
press fitted into the shaft, there was still enough play so that the assembly could be
bumped into position to minimize the runout. The final runout of the assembly was 0.001
inch at the end of the slip rings. Once the slip rings were positioned, a two part epoxy was
16
used to ensure the assembly would not move out ofposition due to the shaft rotation or
due to an accidental bump during blade changes.
STRAIN GAGES
SPEED SENSDR
SPEED SENSDR TARGET
SLIP RING ASSEMBLY
SLIP RING AMPLIFIER
SLIP RING ADAPTER
Figure 3.1: Cam Sprocket Shaft with Data Acquisition Equipment
3.1.2 Strain Gages
Even under the largest torque loads, the actual strain on the shaft will be quite
small. This is partly due to the large diameter of the shaft where the strain gages were
located, which is dictated by the existing geometry of the machine. A full Wheatstone
strain gage bridge configuration shown in Figure 3.2 was chosen for this system formany
reasons. First, strains from shaft bending tend to cancel each other out for this
configuration, giving a more pure torque reading. Second, all arms of the bridge can be
located on the spinning side of the system to minimize potential differences across the
slip ring rotors. Third, the excitation induced thermal effects of the strain gages are
minimized. An off-the-shelf gage was used from Micro Measurements Group (part
17
number EA-06-062TV-350). The gages were comprised of a Constantan alloy with a
nominal resistance of 350 Q and a gauge factor of2.060. Finally M-Bond 610 was used
as the adhesive, and M-Bond 43 was used as a protective coating. The bridge excitation
was limited to 5 volts instead of 10 volts to minimize errors caused by selfheating of the
strain gages.
T >
^2W ^?<(1'
1,2 V w +
V
3,4
Alternate Cross Section
Figure 3.2: Strain Gage Configuration for Torque Measurement
3.1.3 Slip Ring / Slip Ring Amplifier
Once the strain gage configuration was decided, the electronics to amplify and
deliver the signal to the data acquisition board were chosen. In order to get the signal
from a spinning shaft to a stationary DAQ board, either slip rings or a rotary transformer
is necessary. Due to the nature of the study, slip rings were chosen for their low cost and
their compatibility with available electronics. This included the power supply that was
designed for use with these slip ring amplifiers. One of the inherent weaknesses of slip
rings is the fact that the brushes that transmit the signal degrade with use. To prolong the
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life of the slip rings, aMichigan Scientific model (SR6M) with brush lifters was chosen.
When installed with this option, the brushes can be disengaged from the shaft when data
is not being taken. Also an amplifier from Michigan Scientific (AMP-SG-U2) was
chosen that resides on the spinning side of the slip rings. This amplifier was specifically
designed for use with this series of slip rings. The amplifier also supplies the 5 volt
excitation to the strain gage bridge and is capable ofgains from 100 up to 2000 times the
bridge signal output. For this study a gain of 2000 was used to increase the signal to noise
ratio. The final component in this system is the Michigan Scientific power supply (PA-
AC-0.8). This 15 VDC power source supplies the amplifier with the power it needs to
excite the strain gage bridge. Power passes through the slip rings until it reaches the
amplifier, which is rotating with the cam sprocket shaft. The amplifier excites the strain
gage bridge and amplifies the output signal from the bridge. This amplified signal is then
sent through the slip rings to be recorded by the data acquisition system.
3.1.4 Shaft Speed Measurement
Other factors that were monitored include the speed of the cam sprocket shaft. A
magnetic speed sensor from Omega Engineering (SPR 101) was used to measure the
speed of the cam sprocket (strain gaged) shaft. The speed sensor is excited by an Omega
Engineering 12 V power supply (PSS-D12A). A steel trigger wheel with 60 teeth was
attached to the cam sprocket shaft. Each time a tooth passes the speed sensor, a signal is
sent which is used to determine the shaft speed. The speed sensor can be used in two
modes, depending on the test being done. In one mode, the output is sent to the data
acquisition system where the speed is calculated. The other mode is a stand alone system.
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In order for speed to be taken without the need for the data acquisition system or any
processing the output can be wired directly to a rate meter. Properly programmed, the rate
meter can give the cam sprocket shaft in rev/min (rpm). The benefit of this mode of
operation is that the shaft speed can be verified during testing by the operator without
need to stop and run a separate program to verify the speed.
3.1.5 Temperature / Pressure Measurement
A K type thermocouple was installed inside the load oil tank to monitor the
temperature. This was wired to a display from Omega Engineering so that the
temperature could be recorded during testing. Two analog pressure gauges were used to
monitor the pressure of the two oil jet nozzles. The pressure gauges were from Ashcroft
(Part Number 1009).
Figure 3.3: Nozzle Geometry
The pressure was used to find the velocity of the oil after it flowed through the
nozzle. Using the Bernoulli formula and the continuity equation, the velocity can be
found by
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(where inlet pressure P is in units of lb/in2, W is in units of lb/ft3, d is in units of
inches(in), and D is in units of inches(in), and g is in units of ft/s2)
For the pressure of 25 psi that was used for the test a jet velocity of 63 ft/s (20 m/s) was
calculated.
3.1.6 DAQ Hardware/Software
In order to convert the analog torque signal to a digital signal a DAQPAD 6020E
data acquisition system was chosen from National Instruments. This data acquisition
system is capable of sampling at 100 kiloSamples/second (kS/s). The software used for
the data acquisition configuration and development was National Instrument's Labview
6i. A modified version of the standard acquire data-to-file virtual instrument from
Labview was used. A terminal block was used so that the input signal could be connected
to the 64 pin connector on the DAQPAD. The DAQPAD was then connected to a laptop
via the USB port. When gathering data a sampling rate of48 kS/s was used. This value is
much larger than the Nyquist threshold frequency, and it was used to produce enough
data points to fully represent the torque being generated. The resolution of the system is
equivalent to + 0.1 ft-lb of torque.
Data for each sample was taken for 1 to 3 seconds. At a sampling rate of48 kS/s
it was easy to acquire well over 150,000 samples each time data was acquired. This data
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was used for statistical analysis and to plot torque curves. The mean and standard
deviation were calculated for the maximum and minimum blade torques. This was done
for each blade and impingement angle setting.
LAPTDP SPEED SENSDR
PDVER SUPPLY
SLIP RING PDVER SUPPLY
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6020E DAQPAD
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SLIP RINGS
Figure 3.4: Schematic ofData Acquisition Setup
3.1.7 Chain
The chain used for the evaluation of the impulse momentum machine is a Borg
Warner produced timing chain with link part number 23-148. Chain pitch and chain
width are 0.375 and 0.750 inches, respectively. The total length of the chain is 58 pitches.
For the experimental machine a centerline distance of 5.1 15 inches was used. The chain
was installed on cam and crank sprockets of40 and 20 teeth, respectively.
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3.1.8 Load Oil
Oil density is one of the variables that influence torque. The load oil used was
automotive lubrication oil of an unknown formulation. Using a triple beam scale and a
graduated cylinder, the oil density was measured to be 869 kg/m3.
3.1.9 Variable Speed Motor
The final machine modification involved a variable speed motor which was
installed onto the existing machine. The power of the motor was upgraded from 10 hp to
15 hp in anticipation of the greater power and torque requirements to drive the system at
greater speeds. The speed of the motor was also increased from the original 1750 rpm to
3500 rpm. The upper belt sprocket was also increased from a 32 tooth sprocket to a 48
tooth sprocket. With this combination, the crank sprocket shaft will have a maximum
speed of 12,000 rpm. For this motor speed rating, the motor will not be overdriven by the
AC drive; therefore, the motor will provide constant torque up to this speed. The frame
size of the existing motor is obsolete; therefore modifications to the machine's steel
frame were necessary to mount the new motor. The newmotor is mounted to the frame
using a standard C face configuration. Foot mounts were also bolted to the machine
frame to ensure that the motor would be stable when running at higher speeds. The
number of teeth for the new belt were calculated using the existing timing belt sprocket
centerline distance and the change in the number of sprocket teeth on the motor sprocket.
Only 90 and 96 tooth belts were available from the manufacturer, so the longer belt was
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chosen with the center distance adjusted for the longer belt. The difference between the
new centerline distances of the old and new machines was less than 1/2 inch.
The drive was not programmed in anticipation of further Borg Warner studies. In
order to change the motor speed, the drive was set to local control and the frequency at
which the drive operates was manually changed. The variable frequency drive can change
the motor speed by sending a frequency to the motor less than 60 Hz. At 60 Hz the motor
will rotate at 3500 rpm. For this shaft speed the resulting crank sprocket shaft speed is
12,000 rpm. (For every 1 Hz, the motor rotates at a cam sprocket shaft of 100 rpm.) The
shaft speed was verified using the speed sensor. At a frequency of 10 Hz, the crank
sprocket shaft speed is 2000 rpm. Therefore, frequencies of 10, 20, 30 and 40 were used
for crank sprocket shaft speeds of2000, 4000, 6000 and 8000 rpm, respectively.
Figure 3.5: Schematic ofNew Motor Configuration on Chain Testing Machine
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3.2 Strain Gage Calibration
Once the instrumentation was installed and configured, the calibration and
linearization of the strain gages were completed. The offset voltage of the strain gage
bridge was first found using an averaging function in the data acquisition software. The
strain gage bridge offset before amplification was found to be 1 .2 mV. Calibrated weights
were hung from a 2 ft horizontal torque arm (weighing 4.6 lbs) attached to the cam
sprocket shaft. The weights induced a steady torque on the cam sprocket shaft. The
calibrated weights on the torque arm induced a voltage proportional to the torque
produced on the cam sprocket shaft. Several data points were taken as shown in Figure
3.6, and a least squares linear equation was fitted. This equation will convert voltage to
cam sprocket shaft torque. The crank sprocket shaft torque is one halfof this torque. The
DC-offset was also verified by taking data at no load. If any drift did occur, the equation
was modified making the readings zero out.
Calibrated Torque vs Voltage
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Figure 3.6: Configuration and Linearization of Strain Gage Bridge
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3.3 Jet Impingement Angle Setting
One majormachine parameter on the type of torque curve produced is the jet
impingement angle. It is very important that the angle settings be accurate and
reproducible so that the results can be compared. This was accomplished by using a jig
that locates the nozzle angle relative to the crank sprocket shaft. Figure 3.7 shows the
three pieces of the jig along with the two nozzles. The crank sprocket shaft locates the
center of the first jig piece. A spacer on this shaft positions the center of the jig into the
position where the ridgeline of the blades will be located. The other two pieces of the jig
are dowels, which are fitted through holes in the first jig piece. The dowels are then
positioned into one of the nozzle outlets. The dowels will only fit completely into the
nozzle outlet when they are lined up perfectly. The dowels were not moved until 4 socket
head cap screws, which hold the nozzles in place were tightened. In practice, the hoses
that feed the oil from the pump to the nozzles must be loosened or removed during
alignment. The reason for this is that the hose restricts the movements of the nozzles
making it impossible to position the nozzles at some desired angles of impingement. It is
SETTING
JIG
Figure 3.7: Schematic of Jig Used to Set the Nozzle Angles
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also important to recheck the nozzle positions once all of the screws are tightened, since
the blades may move during tightening. These jigs were used for the three angles
evaluated for this study.
3.4 Procedure forMeasuring Static Torque
In order to check Zhang's theory devoid of dynamic responses, the torque was
measured with the blade stationary. This was done by using a timing wheel on the front
of the crank sprocket shaft to determine blade rotation angle. Due to the geometry of the
machine, there was only one point on the machine to allow the cam sprocket shaft to be
held stationary for the test and also allow movement so that different angles of0 could be
taken. Therefore, the torque arm was modified to attach to the timing sprocket on the
motor. Attached to this arm was a pillow block with a threaded rod that allowed the
length of the arm to be changed, allowing the crank sprocket shaft angle to be changed.
Since there are flexible members between the impeller blade and the stationary shaft the
system was allowed to take a load and settle into place. The settling was due to the take
up of the chain and timing belt flexibility after being loaded by the oil jet. To run the test,
the blade was installed and the impingement angle set and checked. The machine was
then turned on with the torque arm and threaded rod in position. The pressure was set at
25 psi and the test was initiated. Rotating the threaded rod two to three turns changed the
crank sprocket shaft angle, 0. The angle 0 was then recorded and the data was taken. This
procedure was repeated until the fluid jet did not impinge the blade any longer.
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Figure 3.8: Schematic of Static Torque Testing Setup
In order to check the results, a torque meter was used on the crank sprocket shaft
to verify the maximum amount of torque generated. The chain was removed and a torque
meter was attached to the shaft and rotated while the oil jets impinged on the impeller
blade. The maximum torque produced was then recorded. The reason that this was done
is due to the fact that at these low levels of torque generation the noise in the system is a
larger percentage of the signal than at the dynamic levels of torque. The major cause of
noise in this situation is the 60 Hz noise generated by the load oil pump located very
close to the slip ring assembly. An example of this noise is shown below. In order to filter
this noise out for the static data collection an averaging function was used in conjunction
with sampling rates thatwould eliminate this noise, leaving the true value for static
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torque. When sampled at 6k S/s and then averaged over 6000 data points, the average of
the data shown in Figure 3.9 is 7.6 x 10"12 ft-lb, which is essentially zero.
60 Hz Noise vs Time
Time (seconds)
Figure 3.9: Unfiltered Noise from Static Torque Measurement
3.5 Procedure forMeasuring Dynamic Torque
The method for taking dynamic data started with setting up the machine for the
type ofblade and impingement angle to be analyzed. Once the proper blade was installed
with the proper impingement angle, the test could be run. With the machine off, the
electronic equipment was first turned on and a baseline zero-torque reading was
established. There are three buttons to turn the machine on. Once the master power
switch is turned on, the first button on the left turns the electric motor on. The middle
button turns on the load oil. The rightmost button turns on the chain lube oil. With the
machine up and running, the pressure of the two nozzles were each tuned to 25 psi. The
pressure is tuned using valves to regulate the flow of oil.
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At 1 minute, the first data set was taken using the Labview program listed in
Appendix C. Data was taken at 1 minute since there is no foaming of the load oil at this
time. Foaming occurs after a very short time and drastically reduces the mass flow of the
load oil and the torque produced by the impeller blades. At this time, speed, temperature,
and pressure were recorded using the test data form in Appendix D. This procedure was
repeated at 1, 5, 10, and 15-minute intervals. Throughout this whole process, any chain
vibration was recorded on the test data form. The pump was then shut down and data was
taken to verify the unloaded shaft torque. This procedure was completed two to four
times per blade and impingement angle combination. It was very important that enough
time passed between taking data samples due to severe oil foaming problems of the
machine. At least 1-2 hours was required for the oil to return to its former state before
another test could be conducted.
The noise level was first determined so that the signal-to-noise ratio of the data
could be estimated. Figure 3.10 shows the torque reading of the system at 4000 crank
sprocket shaft rpm with no load oil impinging on the impeller blade. What can be seen
here is a relatively constant 3-4 ft-lbs ofdrag torque reflected to the crank sprocket shaft.
There are also random peaks and troughs that will skew the results by up to 6 ft-lbs. The
source of the noise is likely to be both electrical and mechanical. Mechanical based noise
contributions are likely a result from bearing drag and motor slip. Electrical noise sources
are most likely from the slip rings, which transmit the signal out, or the slip rings that
transmit the power into the system.
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Figure 3.10: Dynamic Noise Contribution to Torque Signal at Crank Speed of4,000 rpm
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Chapter 4: Results
4. 1 Trough Blade, 0 Degrees Impingement Angle
The first results found were for an impingement angle of 0 degrees using the
trough shaped blade. The static testing was completed first so that comparisons could be
made between the experimental and theoretical results without any dynamic distortion.
The dynamic testing was then completed at a crank sprocket speed of4000 rpm. Finally,
the variable speed motor was installed and run at a crank speed of2000, 4000, 6,000, and
8,000 rpm. Dimensional specifications are shown in Table 4.1 for the trough blade used
in the tests.
a 0.06191 m
b 0.03932 m
lj 0.1669 m
P 25.0 lb/in2
Px 0.2394 m
Py 0.0504 m
Rs 0.01558 m
Rj 0.00476 m
U 20.0 m/s
p 869.0
kg/m3
CO 418.7 rad/s
Table 4.1 : Machine Parameters for Trough Blade
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Table 4.2 compares the theoretical and experimental jet stream entrances and
exits. According to the theoretical model, the fluid jet will impinge on the blade from 14
to 104 degrees. On the actual machine the bottom of the fluid jet first starts to strike the
blade at approximately 6 degrees. However, it is not until 23 degrees that the entire jet
stream is striking the trough. At 98 degrees the trough blades begin to leave the fluid jet,
which is completed at 1 15 degrees. There is still some portion of the blade imbedded in
the jet stream until 118 degrees. The reason for the differences between the theory and
experimental results is due to the jet stream width, which is not accounted for in the
theory.
Impingement
Angle (<|>)
Jet Entrance
Theoretical
Jet Entrance
Experimental
Jet Exit
Theoretical
Jet Exit
Experimental
+3 34 23 90 98
0 14 6 104 118
-3
2 0 113 118
Table 4.2: Trough Blade Impingement Table
The results shown in Figure 4.1 are for the trough blade at an impingement angle
of0 degrees and a shaft rotational speed of 0 rpm. Both the theoretical and experimental
results are shown. One of themajor differences between the theoretical and experimental
results is the maximum torque produced. The maximum theoretical value is more than
two times that found experimentally. Also, according to theory, the blade should start
generating torque at 14 degrees. However, experimentally the blade does not generate
torque until 28 degrees when the entire fluid jet is being turned by the impeller blade. In
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the static mode, the theoretical model suggests that the torque that can be generated is
much larger than what the machine can produce.
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Figure 4. 1 : Plot of Static Theoretical and Experimental Trough Torque, o> = 0, co = 0 rpm
The dynamic results for the trough blade are shown in Figure 4.2 and 4.3. Figure
4.2 shows the torque curves produced by the machine within the firstminute ofoperation
before any oil foaming occurs. Figure 4.3 shows the steady state torque curves produced
by the machine after foaming has occurred. As a result ofoil foaming in the machine, the
mass flow rate and efficiency of the machine decreases. This led to a decrease in the
maximum torque produced by the oil jet onto the impeller blade.
As mentioned above, the torque curve in Figure 4.2 at T=l Minute is for the
trough blade before foaming has occurred. Even so, the maximum torque on the blades is
not consistent and ranges between 40 and 25 ft-lb. Some of the curves also go negative
by approximately 10 ft-lb. The inconsistencies of the torque curves can be expected since
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there aremany factors of the machine that do not operate at perfectly steady rates.
Examples of these variable factors are the slip of the motor and pump which drive the
system.
Trough Torque vs Time
OB
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Figure 4.2: Plot ofDynamic Trough Torque (T = 1 Minute, Prefoaming), o> = 0, co = 4000 rpm
Trough Torque vs Time
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Figure 4.3: Plot ofDynamic Trough Torque (Steady State, Foaming), <|> = 0, oj = 4000 rpm
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Another reason for the variations of the torque produced may be due to chain
dynamics. For the first 5 minutes of the test, while the chain loads are the greatest, the
chain would vibrate on the tension side. This vibration would lessen as time went on and
the foaming would cause the oil pressure to drop.
Table 4.3 shows the average maximum and minimum torques found for the
trough blade at 4000 rpm. The data used was for T = 1 Minute, which is before the oil
started foaming. One second worth ofdata was used to find the respective averages,
which includes over 130 samples. The standard deviations were also calculated. Datawas
taken for this blade and impingement angle using the original motor at a fixed rotational
speed of4000 rpm.
Impingement
Angle (<J>)
Theory
FT-LB
Max Torque
FT-LB
o-i
FT-LB
Min Torque
FT-LB
0-2
FT-LB
+3 22.6 23.9 7.0 -8.6 6.0
0 28.1 29.6 8.6 -10.1 6.2
32.7 26.4 7.0 -7.3 5.5
Table 4.3: Average Trough Torque and Standard Deviation: T = 1 Minute (Prefoaming), oo = 4000 rpm
Figure 4.4 shows a close up ofone of the torque curves created by the trough
blade. Also shown in the graph is the torque produced by the trough blade as predicted
using the theoretical development. The plot shows some differences between what is
predicted and what is actually measured on the machine. The drop in torque is not as
sharp on the machine as in theory. There is some oscillation after the blade has reached
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maximum torque. The reason for this may be due to the dynamics in the machine. The
timing chain itself can act like a spring, but so can the timing belt and the shaft itself. The
magnitude of torque is also somewhat underestimated by the theory. This is the direct
opposite from what was found when the static data was compared. This may be due to the
dynamics of the system. Aside from the chain dynamics, there are also inertial forces,
namely the flywheel attached to the cam sprocket shaft.
Trough Torque vs Theta
40 60 80 100 120 140 160 180
Theta (degrees)
Figure 4.4: Plot ofTheoretical and Experimental Trough Torque, dp = 0, co = 4000 rpm
4.2 Trough Blade, +3 Degrees Impingement Angle
In order to change the shape of the torque curves, the jet impingement angle must
be changed. For this test, the impingement angle was changed to +3 degrees. By
increasing the angle of impingement, the amount of time the blade spends in the oil jet is
increased.
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Figure 4.5 shows the static torque produced experimentally for an impingement
angle of+3 degrees. The torque curve using the theoretical development is also shown in
Figure 4.5. According to the theory the oil jet will impinge on the trough blade at 34
degrees. The blade will be out of the jet by 90 degrees. On the machine, the bottom of the
oil jet begins to strike the blade at 23 degrees. At 38 degrees the top of the oil jet is now
striking the blade. At this point the entire oil jet is striking the two troughs. The oil jet
begins to leave the blade at 81 degrees. The angle parts of the oil jet will remain
imbedded in the trough until 98 degrees.
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Figure 4.5: Plot of Static Theoretical and Experimental Trough Torque, <j> = +3, co = 0 rpm
The theory is not consistent with the experimental data for this configuration. The
jet entrance and exit impingements angles are relatively close. The maximum theoretical
torque is also greater than the experimental. Some of this difference may be due to some
of the uncertainty in the pressure and velocity measurements.
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Shown in Figure 4.6 and 4.7 are the dynamic torque curves produced by the
trough blade at an impingement angle of+ 3 degrees. The initial torque curves, shown in
Trough Torque vs Time
Time (seconds)
Figure 4.6: Plot ofDynamic Trough Torque (T=l Minute, Prefoaming), cp = +3, co=4000 rpm
Trough Torque vs Time
ore
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Figure 4.7: Plot ofDynamic Trough Torque (Steady State, Foaming), <J> = +3, co = 4000 rpm
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Figure 4.6, are much more uniform than those produced when foaming has occurred. The
maximum torque produced was 31 ft-lbs with an average of23.9 ft-lbs. The average
negative torque was found to be -8.6 ft-lbs.
Shown in Figure 4.8 is the comparison between the theoretical and the
experimental results. The theoretical results are relatively close inmagnitude to the
experimental results. The experimental torque was found to be slightly greater than that
predicted by theory. This may be due to either dynamics of the system or to uncertainties
in the measurement of the input parameters. An example of the dynamics is the spring
forces of the chain and shaft as well as the inertial forces of the flywheel. The parameter
uncertainty may be due to the uncertainty of the velocity of the oil jet, which is related to
the oil pressure measurements.
30
Trough Torque vs Theta
1 '
Theoretical
&&&
- ';.- T = 1 Minute Prefoaming
25
$/ \ %20 # / \ p *
s \ %
5= Jf \ s
<D 15 & % -
13 Y B.s-
*
'
/ \ %O
h-
XT. / \
10
1 *-"
5
n
B 1
V /
&' /
is /
# / , i
20 40 60 80 100 120
Theta (degrees)
140 160 180
Figure 4.8: Plot ofDynamic Theoretical and Experimental Trough Torque, <J> = +3, co = 4000 rpm
40
4.3 Trough Blade, -3 Degree Impingement Angle
For the third set of tests, the impingement angle was set at -3 degrees. Figure 4.9
shows the results found for the experimental setup compared to the theory. According to
the theory, the oil jet will strike the blade at 2 degrees until the angle of 1 1 3 degrees. On
the actual machine, the oil jet is hitting the blade at 0 degrees although not enough to
make any torque. At 0 degrees the oil is only hitting the ridgeline, not the trough. The oil
does not begin to strike the trough until 6 degrees. The oil jet then stays completely in the
trough until 109 degrees. At this point the oil jet begins to leave the trough until 118
degrees at which point the jet is completely out of the trough.
There were some differences between the experimental data and what was
predicted by theory. The first difference was that themagnitudes of the torques as
predicted by theory were too large. The trend however looks correct, with the torque
increasing linearly until it hits the knee point.
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Figure 4.9: Plot ofStatic Theoretical and Experimental Trough Torque, <|> = -3, co = 0 rpm
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It is at this point that the theory and experimental data differ. Instead of increasing
like the theory suggests the torque decreases until the point where the blade begins to exit
the oil jet flow.
Figures 4.10 and 4.1 1 show the dynamic torque curves generated by the trough
blade for an impingement angle of -3 degrees. For the prefoaming torque curves shown in
Figure 4.10 the maximum torque was 35 ft-lbs with an average of26.4 ft-lbs. For the
initial case the average negative torque was found to be -7.3 ft-lbs. The torque curves for
the initial condition were again more uniform than those produced after the foaming of
the oil took place. For the steady state torque there is very little negative torque, mostly
under five ft-lbs of torque. The maximum torque generated for steady state operation was
15 ft-lbs.
Trough Torque vs Time
0U5
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Figure 4.10: Plot ofDynamic Trough Torque (T=l Minute, Prefoaming), <|> = -3, co = 4000 rpm
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Trough Torque vs Time
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Figure 4.1 1: Plot ofDynamic Trough Torque (Steady State, Foaming), ty = -3, co = 4000 rpm
Figure 4.12 shows the dynamic comparison between the theoretical and
experimental results for this blade configuration. The theory has the torque curve rise
Trough Torque vs Theta
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Figure 4.12: Plot ofDynamic Theoretical and Experimental Trough Torque, ty = -3, co = 4000 rpm
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linearly until dropping off as the blade is no longer in contact with the oil jet. The two
curves agree except for the exit region. The reason for this may be due to the chain
stretching.
4.4 Trough Blade, 0 Degree Impingement Angle, Variable Speed
With the new motor and drive system in place the trough blade was run at
different crank sprocket shaft speeds. This was done in order to investigate the effects
that shaft speed has on the maximum and minimum torque generated by the impeller
blades. The average maximum and minimum torque were found using 90 samples from
the data gathered. The standard deviations were also found using the same method as that
used for co = 4000 rpm. What can be seen from Table 4.4 is that the maximum and
minimum torque occurs at a crank sprocket speed of4000 rpm. It is also at this shaft
speed that the largest chain vibration occurs. For this impeller blade, the torque generated
on the shaft did decrease with an increase in rotational speed. From the torque curves
Crank Speed
RPM
Max Torque
Theory
Max Torque
FT-LB
CTl
FT-LB
Min Torque
FT-LB
CJ2
FT-LB
2000 18.9 16.0 4.7 -6.6 4.1
4000 28.1 26.5 8.3 -9.1 5.7
6000 40.8 18.5 2.8 -2.7 3.7
8000 56.5 17.0 2.9 0.6 4.4
Table 4.4: Average Trough Torque and Standard Deviation (Variable Speed Configuration)
T=l Minute, o) = 0
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generated it can be seen that the jet is reforming and impinging on the following blade. It
can also be seen that as the shaft speed increases the minimum torque decreases. This is
due to the fact that the shaft is staying loaded even as the next blade is being impinged
upon by the fluid jet.
Shown in Figure 4.13 is the torque produced by the trough blade at a crank
sprocket shaft speed of 8000 rpm. Although the average maximum torque has decreased
with an increase in shaft speed the number of torque peaks per second has doubled as
expected. There are also very few negative torque peaks for this shaft speed.
Trough Torque vs Time
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Figure 4.13: Plot ofExperimental Trough Torque, <J> = 0, co = 8000 rpm
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4.5 Bucket Blade, 0 Degrees Impingement Angle
The second blade to be tested was the bucket blade. This blade was tested for the
same impingement angle of 0 degrees. The jet begins to impinge on the bucket part of the
blade at around 7 degrees, but it is not until 18 degrees that the entire jet is striking the
bucket. While the jet starts to strike the rest of the bucket, the lower part of the jet strikes
the handle portion of the blade. This begins at 14 degrees and ends at 57 degrees. For this
range of impingement, the fluid jet is striking both the bucket and handle portion of the
blade. The jet then strikes the bucket alone from 57 degrees to 95 degrees. It takes the
fluid jet until 107 degrees before the fluid jet completely exits the bucket. However, it is
not until 1 17 degrees that the fluid jet is not striking any part of the blade.
Impingement
Angle (<|>)
Jet Entrance
Experimental
Jet Exit
Experimental
+3 23 102
0 7 117
-3
0 128
Table 4.5: Bucket Blade Impingement Table
Figure 4.12 shows the experimentally determined static torque curves for the
bucket blade at an impingement angle of 0 degrees. The transition between torque being
generated by the handle and that generated by the bucket can be seen as a dip in the
torque.
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Figure 4.14: Plot of Static Experimental Bucket Torque, ty = 0, co = 0 rpm
The dynamic torque curves generated within the first five minutes ofoperation are
shown in Figure 4.15. The steady state operation of the machine is shown in Figure 4.16
For this blade before foaming occurs the maximum torque is near 33 ft-lbs. There is a
large variation from one curve to the next. The negative torque created by this blade is
nearly -5 ft-lb. The degradation of the torque curves seems to be related to the pressure
drop at the nozzle. This pressure drop is caused by the foaming of the working oil that
occurs when the oil strikes the blade. For this test there was a significant amount of chain
vibration, predominately on the tension side. The vibration was most intense for the first
5 minutes and then diminished for the remainder of the test.
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Bucket Torque vs Time
Time (seconds)
Figure 4.15: Plot ofDynamic Bucket Torque (T=l Minute, Prefoaming), qS = 0, co = 4000 rpm
Bucket Torque vs Time
Time (seconds)
Figure 4.16: Plot ofDynamic Bucket Torque (Steady State, Foaming), <t> = 0, co = 4000 rpm
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Table 4.6 shows the average maximum and minimum torque produced by the
bucket blade. The test was done using the original motor at a crank sprocket shaft speed
of4000 rpm. The originalmotor and timing belt were also used. For an impingement
angle of0 degrees the average maximum torque was found to be 24.9 ft-lbs with a
standard deviation of 7.8 ft-lbs. The average minimum torque found -0.4 ft-lbs with a
standard deviation of5.6 ft-lbs.
Impingement
Angle (<j>)
Max Torque
FT-LB
a.
FT-LB
Min Torque
FT-LB
<*2
FT-LB
+3 35.1 7.8 -22.5 6.5
0 24.9 6.9 -0.4 5.6
28.5 5.2 -5.3 6.0
Table 4.6: Average Bucket Torque and Standard Deviation (Constant Speed Configuration), co= 4000 rpm
4.6 Bucket Blade, +3 Degrees Impingement Angle
Shown in Figure 4.17 are the static results for the bucket blade at an impingement
angle of+3 degrees. For this impingement angle the fluid jet does not strike the handle.
On the actual machine the bucket portion of the blade begins to strike the lower portion
of the fluid jet at 23 degrees. The entire fluid jet is not in the bucket until 39 degrees. At
81 degrees the top of the fluid jet leaves the bucket. At 97 degrees the last portion of the
fluid jet has exited the bucket. All parts of the blade are out of the jet stream by 102
degrees. For this configuration there is no interference from the blade handle. The oil jet
produces a constant torque on the blade when the oil jet is in complete contactwith the
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bucket. When only a portion of the bucket is in contact with the jet only a fraction of the
constant torque will be produced.
Bucket Torque vs Theta
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Figure 4. 17: Plot of Static Experimental Bucket Torque, ty = +3, co = 0 rpm,
The curves ofFigure 4.18 and 4.19 are the initial torque and steady state torque
curves produced by the bucket blade at an impingement angle of+3 degrees. The initial
torque maximums are much larger than the steady state maximums. The reason for this is
again the foaming that occurs in the machine. There was some chain vibration on the
tension side of the chain, however this stopped five minutes into the test. For this blade
configuration the torque curves are much more uniform than the previous blade
configuration. One reason for this may be due to the fact that there is no handle in the oil
jet, making the input torque more uniform. The average maximum torque for the initial
prefoaming torque curves was 35.1 ft-lbs with a standard deviation of 7.8 ft-lbs. The
maximum negative torque was found to be -22.5 ft-lbs with a standard deviation of 6.5 ft-
lbs.
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Bucket Torque vs Time
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Figure 4.18: Plot ofDynamic Bucket Torque (T=l Minute, Prefoaming), <(> = +3, co = 4000 rpm
Bucket Torque vs Time
Time (seconds)
Figure 4.19: Plot ofDynamic Bucket Torque (Steady State, Foaming) , <|> = +3, co = 4000 rpm
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4.7 Bucket Blade, -3 Degree Impingement Angle
Shown below are the static theoretical and experimental torque curves for the
bucket blade at an impingement angle of -3 degrees. For the actual machine the fluid jet
is hitting the body of the blade at 0 degrees until about 5 degrees where the blade begins
to hit the handle. The jet hits the handle until reaching 63 degrees. The fluid jet then hits
both the handle and bucket until the angle of 81 degrees. The jet then strikes only the
bucket from 81 degrees to an angle of 108 degrees. The jet then strikes a portion of the
bucket and the end of the blade until reaching 117 degrees. It is not until 128 degrees that
all parts of the blade are out of the fluid jet.
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Figure 4.20: Plot of Static Experimental Bucket Torque, <|> = -3, co = 0 rpm
The curves in Figure 4.21 and 4.22 show the dynamic torque produced by the
bucket blade when set at an impingement angle of -3 degrees. The torque curves
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generated before foaming has occurred have amaximum torque of 35 ft-lbs. The average
maximum torque is 28.5 ft-lbs with a standard deviation of 5.2 ft-lbs. The average
minimum torque is -5.3 ft-lbs with a standard deviation of 6.0 ft-lbs. For this loading
there was a lot of chain vibration on the tension side for the first couple ofminutes. After
five minutes the vibration switched over to the slack side where it stayed until the end of
the test. For this test the torque on the shaft went negative, however, the magnitudes
stayed relatively low (around -5 ft lbs). The time that this happened was much shorter
however, so that the complete curve did not have time to form.
Bucket Torque vs Time
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Figure 4.21: Plot ofDynamic Bucket Torque (T = 1 Minute, Prefoaming), = -3, co = 4000 rpm
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Bucket Torque vs Time
Time (seconds)
Figure 4.22: Plot ofDynamic Bucket Torque (Steady State, Foaming), o> = -3, co = 4000 rpm
4.8 Bucket Blade, 0 Degrees Impingement Angle, Variable Speed
Table 4.7 shows the average torque produced by the bucket blade at different
crank sprocket shaft speeds. The torque produced at 6000 rpm shows that the jet is not
reforming for every revolution. For each curve there is a large torque curve followed by a
small torque curve. The second curve does not get the fully formed load oil jet, making
the torque produced much smaller. This large difference in torque generation accounts for
the large standard deviation at 6000 rpm. For the 8000 rpm test a different problem was
encountered. At this speed with this impeller blade the motor was unable to make enough
power to drive the system. In order to make a good comparison only one fluid jet was
turned on. The actual torque thatwould be generated by the blade would be twice that
when only one fluid jet is on.
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Crank Speed
RPM
Max Torque
FT-LB FT-LB
Min Torque
FT-LB
CT2
FT-LB
2000 28.2 10.5 -5.9 6.5
4000 20.4 4.7 1.51 3.7
6000 25.3 13.9 1.5 2.7
8000 29.0 * 3.2 1.0 4.9
* Right side nozzle at 25 psi, left side at 0 psi
Table 4.7: Average Bucket Torque and Standard Deviation (Variable Speed Configuration)
T = 1 Minute, d) = 0
Shown below in figure 4.23 is the torque curves produced at a crank sprocket shaft
speed of6000 rpm. At this speed the fluid jet is unable to reform to produce a large
torque on the blade. The reason for this is believed to be chain dynamics. At this speed
there should be about 20 torque peaks, however there are only 9 fully formed peaks and
10 incompletely formed torque peaks.
Bucket Torque vs Time
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Figure 4.23: Plot ofExperimental Bucket Torque, <(> = 0, co = 6000 rpm
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4.9 Bathtub Blade, 0 Degree Impingement Angle
The final blade to be tested was the bathtub blade. For this test the impingement
angle was set for 0 degrees. For the actual machine the bottom of the jet begins to strike
the blade at an angle of6 degrees. The entire jet is embedded in the blade by 17 degrees.
The oil jet remains completely in contact with the blade until 97 degrees. The jet begins
to leave the blade at 97 degrees and finishes at 109 degrees. The entrance and exit angles
of the bathtub blades are shown in table 4.8.
Impingement
Angle (<(>)
Jet Entrance
Experimental
Jet Exit
Experimental
+3 24 96
0 6 109
-3
0 129
Table 4.8: Bathtub Blade Impingement Table
Figure 4.24 shows the static torque produced by the bathtub blade at an
impingement angle of 0 degrees. Once the fluid jet is completely in contact with the
ridgeline the torque produced is relatively constant. It is at the entrances and exits that the
torque slopes, since the oil jet is not in complete contact with the oil jet.
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Figure 4.24: Plot of Static Experimental Bathtub Torque, qb = 0, co = 0 rpm
Shown in Figure 4.25 and 2.26 are the initial and steady state torque curves
produced by the bathtub blade for this angle setting.
Bathtub Torque vs Time
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Figure 4.25: Plot ofBathtub Torque Curves (T=l Minute, Prefoaming), j) = 0, co = 4000 rpm
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The maximum torque for the initial testing before foaming was a little over 40 ft-
lbs. The average maximum torque was 30.8 ft-lbs with a standard deviation of6.2 ft-lbs.
Bathtub Torque vs Time
Time (seconds)
Figure 4.26: Plot ofBathtub Blade Torque Curves (Steady State, Foaming), (j) = 0, co = 4000 rpm
Table 4.9 shows the average maximum and minimum torque produced by the
bathtub blade at a crank sprocket shaft speed of4000 rpm. The original motor and timing
belts were used (constant speed configuration).
Impingement
Angle (<|>)
Max Torque
FT-LB FT-LB
Min Torque
FT-LB
0"2
FT-LB
+3 33.9 7.8 -16.9 6.5
0 30.8 6.2 -13.2 8.1
29.2 6.5 -7.1 8.9
Table 4.9: Average Bathtub Torque and Standard Deviation (Constant Speed Configuration)
T = 1 Minute, co = 4000 rpm
58
4.10 Bathtub Blade, +3 Degrees Impingement Angle
The bathtub blade was then tested for an impingement angle of+3 degrees. This
static torque is shown in Figure 4.27. On the actual machine the oil jet begins to strike the
blade at an angle of24 degrees. The entire oil jet is impinging on the blade by 40 degrees.
The jet stays embedded in the blade until 79 degrees at which point the jet begins to leave
the blade. The jet is completely out of the blade by 96 degrees. For this impingement
angle of+3 degrees the maximum torque does not stay constant as it does for an
impingement angle of 0 degrees. The maximum torque continues to rise until 62 degrees.
Greater than 62 degrees the torque decreases until the jet is no longer embedded in the oil
jet.
Bathtub Torque vs Theta
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Figure 4.27: Plot of Static Experimental Bathtub Torque, <|> = +3, co = Orpm
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Shown in Figure 4.28 and 4.29 are the initial and steady state dynamic torque
curves for the bathtub blade set at +3 degrees. For the initial case the maximum positive
torque is 45 ft-lbs, with an average of 33.9 ft-lbs and a standard deviation of7.8 ft-lbs.
The average minimum torque was found to be -16.9 ft-lbs with a standard deviation of
6.5 ft-lbs. For the steady state torque amaximum value of27 ft-lbs was found. The
negative torquemagnitudes are over twenty ft-lbs of torque. For this chain loading, the
vibration changed from the slack side to the tension side during the fourth minute of the
test. By ten minutes the chain began vibrating on the slack side again but at modest
levels.
Bathtub Torque vs Time
O.B
Time (seconds)
Figure 4.28: Plot ofDynamic Bathtub Torque (T=l Minute, Prefoaming), <|> = +3, co = 4000 rpm
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Bathtub Torque vs Time
Time (seconds)
Figure 4.29: Plot ofDynamic Bathtub Torque (Steady State, Foaming), <|> = +3, co = 4000 rpm
4. 1 1 Bathtub Blade, -3 Degrees Impingement Angle
The static torque produced by the bathtub blade at an impingement angle of -3
degrees is shown in Figure 4.30. On the actual machine the jet begins striking the blade
from 0 degrees, although at this angle the jet hits the body of the blade keeping the oil
from the ridgeline. At 22 degrees the jet is out of the other part of the blade and is striking
the blade ridgeline only. At 107 degrees the blade begins to leave the oil jet. The jet is
completely out of the blade by 1 1 8 degrees. The oil jet strikes the non torque producing
part of the blade until 129 degrees. For this blade configuration the maximum torque was
constant from about 40 to 100 degrees.
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Figure 4.30: Plot of Static Experimental Bathtub Torque, <|> = -3, co = 0 rpm
Shown in Figure 4.31 and 4.32 are the initial and steady state torque curves for
the bathtub blade. The average maximum torque for the prefoaming case is 29.2 ft-lbs
with a standard deviation of6.5ft-lbs. The averageminimum torque is -7.1 ft-lbs with a
standard deviation of 8.9 ft-lbs.
Bathtub Torque vs Time
Time (seconds)
Figure 4.3 1 : Plot ofDynamic Bathtub Torque (T = 1 Minute, Prefoaming), <|> = -3, co = 4000 rpm
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Bathtub Torque vs Time
Time (seconds)
Figure 4.32: Plot ofDynamic Bathtub Torque (Steady State, Foaming), ty = -3, co = 4000 rpm
4.12 Bathtub Blade, 0 Degrees Impingement Angle, Variable Speed
Table 4.10 shows the results of the torque generated by the bathtub blade in the
variable speed configuration. It was not until a crank sprocket speed of6000 rpm that
some of the oil jets were unable to reform. This is demonstrated in Figure 4.33. There
should be 20 torque peaks however the plot shows that there are only 9 completely
formed torque peaks. The maximum torque peaks are over 50 ft-lbs. The blade not
reforming also accounts for the large standard deviation
for this speed. The cause of the
jet being unable to reform is not believed to be the speed of the load oil jet
itself. It is
instead believed that due to chain dynamics. For every revolution one of the two troughs
receives the fuUeffect of the load oil, is loaded, and rotates fast enough to miss the next
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trough. The trough then slows enough so that with the start of the next revolution the
trough will impinge on the load oil and repeat the process.
Bathtub Torque vs Time
Time (seconds)
Figure 4.33: Plot ofExperimental Bathtub Torque vs Time, ty = 0, co=6000 rpm
Similarly to the bucket blade the variable speed motor was unable to drive the
bathtub blade at a crank sprocket shaft speed of 8000 rpm. In order to compare the results
only the right nozzle was operated at 25 psi. Therefore the final maximum torque should
be twice that shown in Table 4.10. At this speed the oil jet can still reform, only the chain
dynamics are effecting how the torque curves look. Like the bucket blade half the amount
of torque peaks were there that should have been there for this speed.
64
Crank Speed
RPM
Max Torque
FT-LB FT-LB
Min Torque
FT-LB
0-2
FT-LB
2000 30.6 8.1 -9.2 8.1
4000 21.3 3.3 -4.9 4.9
6000 27.0 23.9 -2.9 7.0
* 8000 30.0 4.4 1.3 4.8
* Right side nozzle at 25 psi, left side at 0 psi
Table 4.10: Average Bathtub Torque and Standard Deviation (Variable Speed Configuration), T = 1 Minute, <( = 0
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Chapter 5: Conclusion / Recommendations
5.1 Blade Comparisons
With the study completed a comparison was made to determine if the variances
and means of the torque produced by one blade is statistically significant to the rest. The
variances were compared using an analysis of variance (ANOVA) of a single factor on
the data collected. What the ANOVA is testing is the null hypothesis, which states that
the sample variances are equal. The probability that the analysis will find that the
variances are different when in reality they are the same is designated 1-a. For this
analysis a value of 0.05 was used for a. Equal sample sizes of 120 data points were used
for each blade. For this test an F factor was computed, ifF is greater than a critical value
than the null hypothesis can be rejected, then the sample variances are unequal. For this
analysis the critical factor F was found to be 3.88 based upon the sample size and a
chosen. The means were compared using a two tailed T test with the same number ofdata
points and a as the F test. For this analysis a TcrjtiCai value of 1.98 was determined. If the
computed T value of the samples was greater than 1 .98 then the null hypothesis can be
rejected and the conclusion can be made that the means are not equal.
Table 5. 1 shows the F factors computed for the 3 impeller blades at a crank
sprocket shaft speed of4000 rpm. At this speed and impingement angle of+3 degrees the
Bucket and Bathtub blade met the criteria for equal variances. At this impingement angle
the bathtub and bucket blades average torque was 10 ft-lbs larger than that of the Trough
blade. At the impingement angle of 0 degrees the Trough and Bathtub blades are found to
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Trough - Bucket
Trough - Bathtub
Bucket - Bathtub
+3
130.7
105.8
1.5
0
23.8
1.5
49.6
11.9
1.4
Table 5.1: Computed F Factor for ANOVA Analysis; Fcrit = 3 .88
have the same variance. For an impingement angle of-3 degree the Bucket and Bathtub
blades were found to meet the criteria for equal variances.
A T test analysis was also performed to evaluate if the means were statistically
significant. Table 5.2 shows the results for the blades at a crank sprocket shaft speed of
4000 rpm. For an impingement angle of+3 degrees only the Bathtub and Bucketmet the
criteria to conclude that theirmeans were statistically equal. This was also true for an
impingement angle of -3 degrees. For an impingement angle of 0 degrees only the
Trough and Bathtub blades met the criteria.
+3 0
Trough - Bucket 9.10 -4.79 -2.54
Trough - Bathtub 8.10 1.72 -4.15
Bucket - Bathtub 1.80 -7.70 -1.47
Table 5.2: Computed T Factor for T test Analysis; T^, = 1 .98
5.2 Trough Blade
The trough blade original to the machine is very versatile for different
impingement angles. The maximum torque is produced at an impingement angle of+3
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degrees. As the impingement angle is decreased the average maximum torque also
decreases. At higher crank sprocket shaft speeds the motor does not stall out and the
correct number of torque peaks appear. Therefore the jet is able to reform for this blade,
even at 8,000 rpm. However, as the crank sprocket speed increases the average maximum
torque decreases. At speeds faster than 4000 rpm the minimum average torque increases,
indicating that the chain remains loaded even when the next jet starts to strike it.
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Figure 5.1: Static Trough Torque Curves
5.3 Bucket Blade
The bucket blade is capable ofproducing torque to test timing chains for wear.
There are however some limitations to this type ofblade, mainly the existence of the
handle region of the blade. Therefore in order to remove the blade from the oil jet an
impingement angle greater than 0 must be specified. It is when negative impingement
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angles are specified that the oil jets strike the handle, creating less uniform torque curves.
The largest average torque was found for an impingement angle of+3 degrees. For this
blade the jet does not reform at speeds greater than 6000 rpm due to chain dynamics. At
this speed there is one large torque curve followed by one small torque curve per
revolution. At the higher crank sprocket shaft speed of 8000 rpm the jets once again are
not able to reform completely. Also at this speed the motor was unable to drive the
system with both nozzles set to 25 psi. The only method that can increase the speed at
which the jet can reform is to increase the pressure to the nozzles. This would require an
upgrade of the load oil pump and motor. If the load oil pressure is increased there would
also be a need for a higher horsepowermotor along with a larger flywheel. All of these
improvements would work only if the oil foaming problem is corrected.
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5.4 Bathtub Blade
The bathtub blade is very flexible when it comes to setting different impingement
angles. Unlike the bucket blade the bathtub blade is not limited by the existence of the
handle part of the blade interfering with the flow of the load oil. For this reason the
impingement angles can be changed easily to accommodate a longer or shorter
impingement on the blade. The average maximum torque also increases with an increase
in impingement angle. For this blade the jet was unable to reform at 5000 rpm or faster
due to chain dynamics. The effect was one large torque curve and one small torque curve
per revolution. At the higher speed of 8000 rpm the jet was not only unable to reform, but
the motor could not drive the system with both nozzles flowing. The solution to these
problems would be the same as the solution for the Bucket blade.
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5.5 Variable Speed / Jet Reforming
The Trough impeller blade was tested at a crank sprocket speed of 8,000 rpm with
no problems with the oil jet reforming. It was found that for the Bucket and Bathtub
blade the oil jet could not reform completely. Since the oil jet can reform for the Trough
blade but not for the other blades the reason is probably due to chain dynamics. Since the
Bucket and Bathtub blades produce more torque at the higher speeds the effects of the
chain and system dynamics are greater. This is seen as a larger torque curve followed by
a small undeveloped torque curve per cam sprocket shaft revolution. The first impeller
blade strikes the oil jet producing the large torque curve. This torque loads up the timing
chain making it act like a spring. When the blade leaves the oil jet the chain springs back
making the second impeller blade miss the oil jet. After missing the oil jet the next blade
fully strikes the oil jet starting the process over again. This theory should be investigated
in a future study.
With the addition of a variable frequency drive to the impulse machine many new
load cases can be programmed into the machine. For example instead of running at a
steady state speed of4000 rpm another speed can be specified. The speeds can also be
ramped up and down for different amounts of time to simulate different driving
conditions. The only limitation to the maximum speed that the chain can be run at is
when the oil jet cannot reform completely. Even this problem could be overcome on a
future machine. Instead ofone impeller blade per shaft, two blade 90 degrees out phase
could be used, creating four impulses for every one crank sprocket shaft revolution.
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5.6 Machine Problems / Improvements
One of the biggest problems that hinder the performance of this machine is the
foaming action that takes place inside the machine. The tests were run at an oil jet
pressure of25 psi, which would only last for about five minutes. After five minutes the
foam generated by the impeller blade striking the load oil would reach the pump
significantly reducing the oil jet pressure and in turn the amount of torque generated. For
this reason the torque curves used to compare with the theory were those taken within the
first five minutes of the machine operation. Data was taken past this time to document the
steady state operation of the machine in this condition. It was determined by doing many
studies that after the first five minutes the oil pressure would drop due to the foaming
until a steady state pressure of 10 psi was reached.
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Figure 5.4: Load Oil Pressure Decay
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The solution to the foaming problem is the key to making the impulse tester a
valid piece of test equipment. The age of the machine may contribute to some of the
problems as well as the fact that the load oil is no longer heated. Original to the machine
were provisions for superheated water to flow through the load oil bringing it up to a now
unknown temperature. By heating up the load oil it would flow better and may have
helped prevent excessive foaming. Other options may be to use special load oil that has
better anti foaming agents in it. Water or another fluid that does not foam can also be
tried on a future machine. Another option may be to explore the use of a commercial anti
foaming machine to reduce the amount of foam.
Another problem that is inherent in the current machine design is that the
impingement angles are difficult to reproduce. Even when using a jig to set the angles
they have a tendency to move either right after setup or after the machine has been run.
This led to the angles being checked with the jig before and after running a test to ensure
that the angles that the test was run at were indeed the correct angles. This could be a
significant problem when trying to compare results over a 100 hour test. The other
problem closely related is that of the two blade angles being exactly the same. Even after
a lot of careful attention, some of the jet angles did move slightly, which shows up on
some of the torque curves. Some torque curves show the slightest bit ofphase shift
between the two angles which change the shape of the torque curve produced instead of
adding up to make one torque curve.
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This phase shift between the two blades may be of use for testing the timing
chains for wear. If two different impingement angles were used the torque curve could be
changed to produce many more options for the wear test. This would work best for the
bathtub or trough blade since there are not any discontinuities such as a handle that
disrupt the torque flow. By using two different angles the duration of time could be
maximized along with the torque being produced.
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% blade in contact with jet
if (blade_in_jet == 1)
% find jet contact point xc,yc and associated parameters
% (in system xc,yc coordinates)
cth = cos (theta);
sth = sin (theta) ;
tanth = tan (theta);
terml = (b*tphi/sth) - c - d*tphi;
term2 = tphi - tanth;
xc = (terml*tanth)/term2;
yc = (b/sth) - xc/tanth;
Re = sqrt(xc*xc + yc*yc) ;
alpha = asin(-yc/Rc) ;
% find velocity of jet relative to blade
Vc = w*Rc;
Vex = Vc*sin (alpha) ;
Vcy = Vc*cos (alpha) ;
terml = U*sphi - Vex;
term2 = U*cphi + Vcy;
Vrei = sqrt( terml* terml + term2*term2) ;
beta = atan ( terml/ term2 ) ;
% find flow into and out of control volume
Area = pi*Rj*Rj/2; % 1/2 of jet cross-sectional area (m2)
Qin = (U + Vc*cos (alpha + phi))*Area; % inlet volumetric flow (m3/s)
Qout = Qin; % outlet volumetric flow (m3/s)
% find relative velocity components parallel and perpendicular to trough
Vparallel = Vrel*cos (theta-beta) ;
Vperp = Vrel*sin (theta-beta) ;
% find length from impingement point to end of trough
if (Vparallel > 0)
Lparallel = a + (b/tanth) - (xc/sth) ;
else
Lparallel = (xc/sth) - (b/tanth) ;
end
% find length from split line along tranverse arc of trough
Lperp = pi*Rs;
% find time for jet stream to trvel along the trough
t_parallel = Lparallel/abs (Vparallel) ;
% find time for jet stream to travel along transverse arc
t_perp = Lperp/abs (Vperp) ;
% find torque depending on shortest path
% the "torque" term below represents torque from one trough on one blade
% the total impeller torque is 4 times this value
% Case 1: Flow exits from the side
if (t_parallel > t_perp)
% Program trough
% Dr. Stephen Boedo
% 29 November 2001
% This program calculates the torque generated by two jets impinging on
% two blades of a trough shaped impeller (two troughs per impeller blade)
% Ref: Zhang, K., "Analysis of Torque Genration on Impellers,"
% M.S. Thesis, SUNY Binghamton, November 1999.
% impeller geometry (from Aaron Donlon's recent measurments)
a = .06063; %0. 06863; % length of blade (m)
b = .037033; %%0. 03932; % impeller radius (m)
c = .05042; %. 05029; % 0.06160; % distance from nozzle to horizontal axis (m)
d = .2394; %0.1424; % 0.06604; % distance from nozzle to vertical axis (m)
phi = 3*pi/180; % nozzle angle (deg)
Rj = 0.00476; % jet radius (m)
Rs = 0.01588; % trough radius (m)
% impeller operating conditions (per Aaron Donlon's recent measurements)
U = 20; % jet velocity (m/s)
w =0;% 418.6; %. shaft angular velocity (rad/s)
rho =869; % fluid density (kg/m3)
% blade contact angle calculations
sphi = sin (phi) ;
cphi = cos (phi);
tphi = tan (phi) ;
A = a + b*tphi;
B = a*tphi - b;
C = d*tphi + c;
terml = sqrt(B*B*C*C - (A*A + B*B)*(C*C - A*A) ) ;
term2 = A*A + B*B;
theta_in = acos((-B*C + terml) /term2) ; % start of blade contact angle with jet (rad)
theta_out = acos ( (-B*C - terml) /term2) ; % end of blade contact angle with jet (rad)
for i = 0:180
angle (i+1) = i; % blade angle (deg)
theta = i*pi/180; % blade angle (rad)
% contact check
if ((theta >= theta_in) & (theta <= theta_out) )
blade_in_jet = 1;
else
blade_in_jet = 0;
end
% calculate torque generated by two jets acting on impeller
% blade not in contact with jet
if (blade_in_jet = 0)
torq(i+D = 0;
exit_flow(i+l)
= 0;
end
if (Vparallel > 0)
terml = -rho*Qin* (-Vperp* (a-Lparallel) - (Vparallel*b) ) ;
term2 = rho*Qout* (Vperp* (a-Lparallel+(Vparallel*t perp) ) -
Vparallel*b) ;
-r
**
torque = terml + term2;
else
terml = -rho*Qin* (-Vperp*Lparallel - (Vparallel*b) ) ;
term2 = rho*Qout* (Vperp* (Lparallel+Vparallel*t_perp) - (Vparallel*b) ) ;
torque = terml + term2;
end
torq(i+l) = 2*.7376*4*torque; % total impeller torque (N-m)
exit_flow(i+l) =1; % marker indicating flow exits from side
end
% Case 2: Flow exits from the end of the trough
if (t_parallel <= t_perp)
gamma = Vperp* t_parallel/Rs - (pi/2) ;
singam = sin (gamma);
cosgam = cos (gamma);
if (Vparallel > 0)
terml = -rho*Qin* (-Vperp* (a-Lparallel) - Vparallel*b) ;
term2 = rho*Qout* ( (Vperp* singam*a) - Vparallel* (b-Rs*cosgam) ) ;
torque = terml + term2;
else
terml = -rho*Qin* (-Vperp*Lparallel - Vparallel*b) ;
term2 = -rho*Qout*Vparallel* (b-Rs*cosgam) ;
torque = terml + term2;
end
torq(i+l) = 2*.7376*4*torque; % total impeller torque (N-m)
exit_flow(i+l) =2; % marker indicating flow exits from the end
end
end
end
[filename,path] =uigetfile ('*.*', 'Choose ascii Input Data File');
complete = [path, filename] ;
xx=load( filename) ;
[m,n]=size (xx) ;
t=xx(:,l) ;
y=xx(:,2) ;
%plot(t,y, 'go: ' ,x,Torr, 'r' )
%xlim( [thetaind, thetaoutd] ) % Limits plot to appropriate
range
%TITLE ( ' Plot of Torque vs Theta ' )
%XLABEL ( ' Theta (degrees ) )
%YLABEL ( ' Torque (N m) ' )
plot (angle, torq, 'b' ,t,y, 'gro: ' ) %o:
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Impule Machine Data Recording Record
Date
Blade
Impingement Angle
Shaft Speed
Beginning of Test
Lube Oil Temp
At 5 Minute
Lube Oil Temp
Right Nozzle Pressure Right Nozzle Pressure
Left Nozzle Pressure Left Nozzle Pressure
Filename Filename
At 1 Minute
Lube Oil Temp
At 15 Minute
Lube Oil Temp
Right Nozzle Pressure Right Nozzle Pressure
Left Nozzle Pressure Left Nozzle Pressure
Filename Filename
" Prior to taking data the left and right nozzle must have the same pressures.
Notes:
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